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Focusing lens with electrowetting based macro switch 



The present inveotion relates to discretely adjustable lenses, and in particular 
to such lenses that are suitable for use as macro lens in a camera lens arrangements. The 
invention furfhermote relates to camera lens arrangements that carries such a discretely 
adjustable lens. 

In principle, every camera has a lens arrangement of some sort. Focusing 
lenses are characterized by their abiUty to focus objects at various distances from the camera. 
In traditional lens systems, focusing is provided by changes in the spacing between individual 
lenses or lens groups. The focus range is thus limited by the maximum possible displacement. 
In general, this means that such a lens system can focus objects at distances ranging from 
infinity to a limited finite distance. Hence, objects very close by (for instance scanning a 
business card) cannot sharply be imaged. 

Alternatively the camera may carry a lens having a fixed focus. Such a lens 
typicaUy has optimal focus at 70cm distance while at other distance the image sharpness 
decreases. For objects at infinity this is still good enough but for images very close by this is 
not the case and scannmg of images close by is thus not possible. Such lenses are commonly 
used in combination with VGA (Video Graphics Array) sensors. 

In order to faciUtate focusing on object lhat are close by, the lens system can 
be fitted with a macro lens. The macro lens may be a separate accessory that is added when 
needed, or it may be a permanent lens that is switchable between a micro state (i.e. normal 
operation) and a macro state (i.e. close-iq) operation). Such a switchable macro lens can be 
provided using a lens that is movable between two positions: a micro lens position and a 
macro lens position. However, switching between the micro state and the macro state 
typically introduces image aberrations. In case the l^s system is tuned for accurate operation 
m the micro state, the macro state will thus reader more or less severe aberrations. The 
aberrations can be compensated for using a more complex lens system, but this of course 
results in a higher overall complexity and thus increased cost and sized of the lens system. 

Recent progress by the applicant has shown that traditional lenses may be 
exchanged for so-called electrowetting lenses, see e.g. WO2003/069380. The optical power 
of such a lens is continuously adjustable by controlling the spatial interrelationship of two 
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irmniscible fluids having different indices of refraction and being contained in a chamber. 
Basically, the position of each fluid is determined by the combined interaction of 
hydrophobic/hydrophilic contact surfeces in the chamber and eleclxostatic forces applied 
across electrodes- The respective fluid is affected differently and predictably by the 
hydrophobic/hydrophilic and electrostatic forces, and the fluids spatial interrelationship is 

thereby controllable. 

A typical eleclrowetting lens comprises a closed chamber containing the two 
fluids and having hydrophobic and hydrophilic nmer surfaces, such that the fluids reside in a 
well defined spatial interrelationship and define a lens shaped meniscus. Due to the different 
indices of refraction, the meniscus has an optical power on light traveling across the 
meniscus. Such lenses are very versatile and currently attract much focus for various 
applications. The advantages include low cost fabrication, no movable parts, and compact 
design. 

Such lenses may, for example, replace movable lenses in a focusing lens 
system as described above. This has obvious advantages in reduced costs, elimination of 
movable parts, and compact design. The continuously adjustable electrowetting lens may 
even be fitted in front of an ordinary lens stack in order to achieve a macro lens option. 
However, the design is associated with some problems, hi particular, it is difiScult to 
accurately control and maintain the shape of the meniscus over an extended period of time, 
especially in case the lens is repeatedly switched between different states. Furthermore, as 
discussed above, the use of a macro lens typically results in increased image aberration, 
which can only be compensated for by complex, costly and bulky lens system using available 
techniques. 

Hence, there is a need for an improved lens that is suitable for use in a macro 
lens application, and that is compact, low cost, and accurately controllable without the 
occurrence of excess image aberration. 

To this end the present mvention provides a lens as defined in the appended 
set of claims. The present invention fiirfhermore provides an optical lens stack and a camera 
arrangement that comprise such a lens. 

Thus, the present invention provides a lens that is discretely switchable 
between two different sates. Each state readily provides for different optical power (e.g. a 
first state corresponding to a micro state and a second state corresponding to a macro state). 
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The lens furOier provides for built-in aberration conqiensation that may be separately tuned 
for each of the two states, thus reducing or even eliminating the occurrence of image 
aberration when switching between the two states. Such a lens finds obvious appUcation as 
switchable macro lens. However, there may be other areas of appUcation as weU liiat requires 
similar functionaHty and where the lens according to the present invention may be appUcable. 

Thus, according to one aspect of the present invention, a lens is provided that 

comprises: 

a lens chamber defining a Ught path and having at least one lens fece arranged 
along that Hg^t pa^ 

a storage chamber that is fluidly connected with the lens chamber, such that 
the lens chamber and the storage chamber together form a closed system; 

a fluid system residing in said chambers and including a first fluid, having a 
first index of refiraction, and a second fluid, having a second index of refiaction that is 
difiFerent firom the first index of refiaction, said fluids fiirthermore being immiscible and 
exhibiting different forces of attraction to electric fields; and 

a fluid system switch comprising electrodes, operative to rearrange the fluid 
system between a first discrete state and second discrete state by means of electrostatic 
forces, wherein, in the first discrete state, the at least one lens face is substantiaUy covered by 
the first fluid, and, in the second discrete state, the at least one lens fece is substantially 
covered by the second fluid. 

According to this aspect of the invention, a lens that is switchable between two 
distinct states by means of electrostatic forces is provided. The fluids are controlled by 
exposing them to electric fields, similar to the electrowetting effect described above. 
However, the lens fimctionality is provided at the inter&ce between a solid lens fece and 
either of the two fluids. This is advantageous in that the interfece has an absolutely 
reproducible shape. Consequently, the lens power is not controllable by changes in the 
interface sh^e as is the case for the electrowetting lens that is described above and fliat has a 
controllable meniscus. Instead, the lens power is controllable by switching between different 
interfece media (the fluids), having different indices of refiraction. Using two immiscible 
fluids, each having an individual index of refiraction, thus provides for two distinct states. 

The lens chamber and the storage chamber are fluidly connected with each 
other. Typically, the fluid that substantially covers the lens fece (or feces) occupies a 
substantial volume of the lens chamber, and the other fluid is mainly contained in the storage 
chamber. Switching between the discrete states thus involves moving the fluids fiom one 
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chamber to the other chamher. This is achieved by means of electrostatic forces, and the 
flnids are constantly separated firom each thanks to their immiscibility. 

The chambers and their fluid connection may have many different designs, hi 
order to sin?)lify ttie movement of fluids between the two chanabers, the chambers are 

5 typically interconnecfced by two conduits. Thereby one of the conduits can be exploited for 
moving a fluid out of the lens chamber while the other conduit can be exploited for moving 
the other fluid into the lens chamber. However, the chambers may also be interconnected by 
only one conduit or by a larger number of conduits. Alternatively, the lens chmnber and the 
storage chamber may form part of a single chamber. In such case, the lens chamber resides 

10 where the lens face (or &ces) are located. 

The controllability of the fluids may be flaiher enhanced by the incorporation 
of surfaces having different wetting properties in regard of the two fluids in the fluid system. 
For example, in case water and oil is used, interior surface of the chambers may be coated 
with a hydrophobic agent such as Teflon™. In combination with electrostatic forces, 

15 movement of the fluids between the chambers is then further enhanced. The coiribined force, 
commonly known as an electrowetting force, is thus the same as the force that is utilized in 
the continuously adjustable electrowetting lens described above. Thus, according to one 
embodiment, the closed system of chambers comprises interior surfaces that have different 
wettability in respect of the first and the second fluids. 

20 An advantage using a lens in accordance with the present invention is that the 

lens face can be given a very well defined shape. In particular, non-spherical surfaces having 
a virtually arbitrary shape may be provided, using for example in situ polymerization of the 
lens face in a removable mould. This enables a large fi-eedom when designing the lens shape. 
Thereby complex lens feces that simultaneously provide a focusing and an aberration 

25 compensating ejBEect can be designed. Hence, according to one embodiment of the present 

invention, at least one lens face in the lens chamber has an aspherical shape that provides for 
a combination of focusing power and aberration compensation. 

In order to reduce the size of the lens, and, in particular, the total height of a 
lens stack comprising a lens in accordance with the present invention, tbe lens chamber may 

30 be disk sh^ed. In such case the lens chamber defines two opposing feces that both intersect 
with the optical path. This provides flirther mcreased design fi-eedom in that both of the face 
may be given a lens shape. In effect, the optical power of the lens may be increased. Thus, 
according to one embodiment of the invention, the lens chamber has two lens faces arranged 
along the light path. 
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The optical power of the lens is thus determmed by the shape/shapes of the 
lens feceZ-s and by the difference in indices of refraction in the material forming the 
respective lens face and the fluid that is in contact with the fece/-s. Consequenfly, the 
difference in qptical power between the two discrete states is determined by the difference in 
indices of refraction in the two fluids. In particular, a lens that is switchable between an 
optically passive state, having no impact on light traveling along the optical path, and an 
optically active state, having a desired impact on Ught traveling along the optical path, can be 
provided by selecting the index of refraction of one of the fluids equal to the index of 
refraction of the material forming the lens face/-s. Hence, according to one embodiment, at 
least one lens face is formed of a material that has the same index of refraction as one of the 
fluids. 

There are many different options available for the two fluids. Liquids, gases, 
and vapors may be combined in many different ways. The important characteristics are that 
they have different indices of refraction, are immiscible, and have different attraction to 
electric fields. Furthermore, there is an obvious need for the fluids to be essentially 
transparent. 

In practice, liquids are preferred for many applications. One convenient 
combination of liquids is an oil and saline water. These Kquids are clearly immiscible, and oil 
is virtually unaffected by the application of an electric field whereas saline water, due to its 
electrical conductivity, is attracted by electrostatic forces. Furthermore, the refractive index 
(as well as the conductivity) of saline water is a ftmction of the salinity and is thus readily 
adjusted. 

The discretely adjustable focusing lens described above is applicable for many 
applications. However, macro lens applications in camera lens arrangements are a 
particularly advantageous application. Thus, one aspect of the present invention provides a 
camera lens arrangement that comprises a discretely adjustable focusing lens as defined 
above. When used as a macro lens, the discrete states of the discretely adjustable focusing 
lens correspond to a macro lens state and a micro lens state, respectively. 

As described above, electrowetting lenses in general are advantageous for use 
in camera lens stacks. Manufacturing of electrowetting lenses typically requires dedicated 
manufacturing equipment. In particular, filling of the fluids into the chambers requires 
equipment that is not normally used when manufacturing lenses. Therefore, discretely 
adjustable focusing lenses in accordance with the present inventions are even more 
advantageous for use in combination with additional electrowetting lenses in a camera lens 
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stack. A major advantage is that the dedicated manufacturing eqiiipment may be utilized for 
manufacturing all of the electrowetting lenses. Thus, according to one embodiment, the 
camera lens arrangement fiirttier comprises at least one additional lens that is controllable by 
means of electrowetting forces. 
5 In case the discretely adjustable focusing lens is arranged in a lens stack 

comprising additional lenses, it may even be formed inside one of additional lenses. Or, in 
other words, the outer surfaces of the discretely adjustable focusing lens may have lens 
shapes. This is advantageous in that the total number of components in the lens stack can be 
reduced, resulting in a reduced overall size and manufacturing costs. Thus, according to one 

10 embodiment, the discretely adjustable focusing lens forms an integral part of at least one 
additional lens in the camera lens arrangement. 

The camera lens arrangement described above is applicable for many camera 
applications. The present invention thus provides for compact and low cost lens arrangements 
featuring a macro lens functionality. 

15 The present inventions furthermore provides a camera module comprising a 

camera lens arrangement as described above, and a digital image sensor. Such a compact and 
low-cost camera module may be employed in a number of different applications including 
webcams, security cameras, digital video cameras, and digital still cameras. 

One field of application that is currentiy receiving much attention is mobile 

20 phones carrying a camera. In mobile phone camera applications the compactness and cost are 
critical. Therefore, one aspect of the present invention provides a mobile phone having 
camera ftinctionalily and comprising a camera lens system as described above. 

In essence, adding a discretely adj ustable lens in accordance with the present 
invention to a camera lens arrangement facilitates switching between an ordinary camera lens 

25 state (i.e. a micro state) and a macro camera lens state, depending on which fluid that is 
currentiy in contact with the lens feceAs. The option of switching between two different 
aspherical lenses provides not only for simple macro lens functionality, but also for built-in 
aberration compensation in tiie lens. In this way a simple robust and cost effective solution, 
containing no mechanically movable part, is obtained for switching an ordinary camera lens 

30 to a macro lens and vice versa. 

Detailed description of embodiments of the invention will now be described 
with reference to the accompanying, exemplifying drawings, on which: 
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Fig. 1 aad 2 illuslrate top vievro and cross-sections of a discretely adjustable 

lens having a spherical lens fece and being in a first and a second discrete state, respectively. 
Fig. 3 and 4 illustrate top views and cross-sections of a discretely adjustable 

lens having an aspherical lens fece and being in a first and a second discrete state, 

respectively. 

Fig. 5 illustrates a cross-section of a lens chamber having two lens feces. 
Fig. 6 illustrates across section of a camera lens arrangement carrying a 
discretely adjustable lens and an additional, continuously adjustable focusing lens. 



Referring to Figs. 1 and 2 one embodiment of a lens ICQ in accordance with 
tile present invention includes a lens chamber 101, fluidly connected via two openings 102, 
103 of tile chamber 101 to a storage chamber 104 in the form of a conduit having two 
opposite ends. The first opening 102 of tiie lens chamber 101 is fluidly connected to the first 
end of flie storage chamber 104 and the second opening 103 of tiie lens chamber 101 is 
fluidly connected to the second end of tiie storage chamber 104 so as to form a fluid tight 
enclosure for a fluid system. One side of tiie lens chamber 101 is enclosed by a lens fece 105 
exposed to tiie interior of flie lens chamber 101. The lens face 105 is formed from a 
transparent material, for example polycarbonate. 

The lens chamber 101 is further enclosed by a cover plate 106, which is a 
planar element formed from a tiransparent material, for example polycarbonate. The cover 
plate 106 is covered in a hydrophobic fluid contact layer 107, which is ti:ansparent and 
formed for example of Teflon™ AF1600™ produced by DuPont™. For some appUcations, 
tiie hydrophobic fluid contact layer may be omitted, whereby tiie manufecturing is simplified. 
However, in a preferred embodiment tiie hydrophobic contact layer is coinplemented by an 
additional hydrophobic layer arranged on tiie lens fece 105 and fijrflier enhancing wetting and 
dewetting of flie chamber. One surfece of fliis hydrophobic fluid contact layer 107 is exposed 
to tiie interior of tiie lens chamber 101. A first electix)wetting electrode 108 lays between flie 
cover plate 106 and flie hydrqphiHc fluid contact layer 107. This first electrowetidng electrode 
108 is formed as a sheet of tiansparent electrically conducting material, for example indium 
tin oxide (TTO). An insulating layer (not shown), formed for example of parylene, may be 
formed between flie fluid contact layer 107 and flie first electrowetiing electrode 108. It is to 
be noted tiiat tiie first electi:owetting electirode 108 as well as flie hydrophobic fluid contact 
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layer 107 have operative areas wMch completely overlap with the area occupied by the lens 
face 105. 

The storage chamber 104 is formed between storage chamber walls 109 and a 
cover plate 1 10. The cover plate 1 10 is covered by a hydrophobic contact layer 111 exposed 
on one surface to the interior of the storage chamber 104, the hydrophobic fluid contact layer 
111 being formed for example of AF1600™. A second electrowetting electrode 1 12 lays 
between the cover plate 110 and the hydrophobic fluid contact layer 1 1 1 . As in the lens 
chamber, this hydrophobioc contact layer 1 1 1 may be omitted or it may be con^jlemented by 
additional hydrophobic layers in the storage chamber. This electrode 1 12 is formed flxMn an 
electricaUy conductive material, for example indium tin oxide (TTO). It is to be noted that the 
second electrowetting electrode 1 12 has a surface area which oveil^s with most of the 
interior of the storage chamber 104 as seen ftom the top view. 

The enclosed fluid system comprises a first fluid 120 (white) and a seccmd 
fluid 121 (dashed). The first fluid 120 comprises an aqueous electrically conductive fluid, for 
example saline water, having a predetermined index of refiraction. The second fluid 121 
comprises an oil-based electricaUy insulating fluid, for example siUcone oil. Hence, in this 
embodiment of the present invention, the first fluid 120 and the second fluid 121 are both 
liquids. The first fluid 120 and the second fluid 1211ie in contact with each other at two fluid 

menisci 125, 126. 

An example of a fluid system is based on the electrowetting oil 
polydimethyl(8-12%)-phenylm6thylsiloxame copolymer and saline water. An example of the 
corresponding index of refraction for oil is n = 1.425 and for water is n = 1.349. However, a 
stronger switching effect can be obtained when switching betv/een Uquid and air/vapor (e.g. 

saline water and air). 

In a first discrete state of the switchable leas, as illustrated in Figure 1, the first 
fluid 120 substantially fills the lens chamber 101 and a portion of the storage chamber 104. 
By substantially filling, it is meant that the first fluid 120 Ues in contact with at least most of 
the lens fece 105. Furthermore, in this state, the first fluid 120 Ues in contact with at least 
most of the exposed surfece of the hydrophobic fluid contact layer 107 in the chamber. 

Additionally, tidere is a common, third electrode 130 formed for example from 
a metal, located in the storage chamber near the opraiing 102 of the lens chamber. The 
common electrode 130 Ues in contact with a portion of the storage chamber 104 that is 
always fiUed by die first fluid 120. 
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In the first discrete state of the lens, the second fluid 121 substantially fills the 
storage chamber 104 except for the portion filled by the first fluid 120 which is in contact 
with the common, third electrode 130. In the second discrete state of Ihe switchable lens, as 
illustrated by Figure 2, the first fluid 120 substantially fills the storage chamber 104. In this 
second discrete state the first fluid 120 continues to lie in contact with the common third 
electrowetting electrode 130 located in the previously described portion of the storage 
chamber 104. "ITie first fluid 120 now lies in contact wifli the hydrophobic fluid contact layer 
1 1 1 of the storage chamber 104, and the second fluid 120 substantially fills Ihe lens chamber 
101. Hence, the second fluid 120 now lays in contact with the lens fece 105 and the exposed 
surfeoe of the hydrophobic fluid contact layer 107 of the lens chamber 101. AdditionaUy, a 
portion of the storage chamber 104 is filled by the second fluid 121. This portion of the 
stora^ chamber 104 is at the opposite end of the portion in which the common, third 
electrode 130 is located. 

The first, second, and third electrodes 108, 1 12, and 130 form a configoiation 
of electrowetting electrodes which together with a voltage control system (not shown) form a 
fluid system switeh. This fluid system switch acts upon the described fluid system 
comprising the first and the second fluids 120, 121 in order to switeh between the described 
states of the switchable optical element. 

In the first discrete state of lens, an applied voltage Vi of an appropriate value 
is appUed across the first electrowetting electrode 108 and the common, third electrode 130. 
The applied voltage Vi provides an electrowetting force such that the switehable lens of the 
present invention tends to adopt the first discrete state wherein the electrically conductive 
first fluid 120 moves to substantially fill the lens chamber 101. As a result of the applied 
voltage Vi, the hydrophobic fluid contact layer 107 of the lens chamber 101 temporarily 
becomes at least relatively hydrophilic in nature, thus aidmg the prefixence of the first fluid 
120 to substantiaUy fill the lens chamber 101. It is envisaged that whilst in the first discrete 
state, no voltage is applied across the second electrowetting electrode 1 12 and the common, 
thurd electrode 130, such that the fluid contact layer in the storage chainber remains relatively 
highly hydrophobic. 

Depending on the application at hand, the ^lied voltage may be about 10 V. 
The polarity of the voltage is typically irrelevant, and it is alternatively possible to use an 
alternating voltage having a corresponding effective value. An alternating voltage may even 
be pre&rable for some application, since it may reduce the build-up of remnant DC in the cell 
that could otherwise affect the addressing of the cell. However, the voltage Vi is dependent 
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on several variables such as fhickaess of the insulating layer, surfece tensions, and dielectric 
constant of the insulating layer. Furthermore, the ratio of surface area between the lens 
chamber and the storage chamber is important: if this ratio is one, Ihe liquids do not have a 
preference for the channel or the cavity. If the surfece area of the lens chamber is larger than 
5 the surface area of the storage chamber, the saline water will prefer to stay in the cavity when 
no voltage is applied. In this case switching the saline water into the lens chamber may occur 
without applying a voltage, whereas removing the saline water into the storage chamber will 
need a relatively high voltage. Thus the ratio of surfece areas is a fector in determining the 
switching voltages. 

10 In order to switch between the first discrete state and the second discrete state 

of the switchable lens, the voltage control system of the fluid system switch switches off the 
applied voltage Vi and applies a second voltage V2 of an appropriate value across the second 
electrowetting electrode 1 12 and the common, third electrode 130. The value of V2 is 
selected on the same basis as Vi described above. Additionally, it is envisaged that the 

15 voltage Vi applied across the first electrowetting electrode 108 and the common, third 
electrode 130 is switched off so that no voltage is appUed across the first electrowetting 
electrode 108 and the common, third electrode 130. 

The switchable lens now lies in the second discrete state, in which the first 
fluid 120 substantially fills the storage chamber 104 as a result of electro wetting forces 

20 provided by the applied voltage V2. With the applied voltage V2 the hydrophobic fluid 

contact layer 1 1 1 of the storage chamber 104 is now at least relatively hydrophilic and tends 
to attract the first fluid 120. Obviously, the portion of the storage chamber 104 in which the 
common third electrode 130 is located is stiU SUed by the first fluid 120. As described 
earlier, the second fluid 121 now substantially fills the lens chamber 101. The hydrophobic 

25 fluid contact layer 107 of the lens chamber 101 is now relatively highly hydrophobic and aids 
this arranging of the second fluid in the second discrete state. 

During the transition between the first and the second discrete states of the 
lens, as controlled by the fluid system switch, the first and second fluids 120, 121 of the fluid 
system flow in a circulatory manner through the fluid system, each of the fluids displacing 

30 each other. In this drculatory fluid flow during the transition firom the first to the second 
discrete state, the first fluid passes out of the lens chamber 101 into one end of the storage 
chamber 104 via one opening 102 of the lens chamber 101 and the second fluid 121 passes 
into the lens chamber 101 via the other opening 103 of the lens chamber 101. During 
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transitions from the second to the first discrete state, an opposite circulatory fluid flow 
occurs. 

Consequently, when changing from the first discrete state to the second 
discrete state, the applied voltage V2 across the second electrowetting electrode 112 and the 
common, third electrode 130 attracts the electrically conductive first fluid 120 into the lens 
chamber 101, thus displacing the electrically insulating second fluid 121 out of the lens 
chamber 101. Furthermore, the hydrophobic fluid contact layer 107 of the lens chamber 101 
repels the electrically conductive first fluid 120 out of the lens chamber 101 into the storage 
chamber 104. Transition from the second to the first discrete state is, obviously, the reverse 
of the transition &om the first to the second discrete state in these terms. 

The lens 100 that is described above with reference to Figs. 1 and 2 has a 
spherical lens face 105. Such a lens, having a traditional spherical shape, is usable for many 
applications where a discretely switchable lens power is desired. But, the spherical lens shape 
does not facilitate compensation of aberrations occurring when, for example, using the lens 
as a macro lens switch. 

However, the lens face may have an almost arbitrary shape, and may in 
particular have an ashperical shape. The actual lens shape is typically restricted by 
manufacturing considerations. In case the lens face is formed out of a polymer surface, a 
large freedom of choice is provided by, for example, utilizing an in situ polymerization 
technique (such as ultraviolet polymerization using a releasable mould). 

Fig. 3 and 4 illustrate a lens 300 having an aspherical lens fece 155. Besides 
the difference in lens face shape, lens 300 has the same features, indicated with the same 
reference numbers, as the lens 100 that is illustrated in Figs. 1 and 2. 

The freedom in design for the lens may be fruther enhanced using both feces 
in the lens chamber, i.e. by adding a suitably shaped form on the cover plate 106. Thereby the 
lens shaped interfeces will be provided in the lens. A cross-section of a lens chamber having 
two lens shaped faces is illustrated in Fig. 5. Thus, Fig. 5 illustrates a cross-section of a lens 
chamber 501 having two aspherical lens faces 502 and 503. As is readily understood, the 
actual shapes of the lens feces dq>end on the application at hand and may be calculated using 
conventional ray tracing software. 

As stated above, a lens in accordance with the present invention is excellent 
for use as a naacro switch in a camera arrangement Consider a conventional focusing lens 
based on continuously adjustable electrowetting lenses. Such a lens is typically capable of 
focusing objects ranging from infinity to 100 mm. In order to convert this standard lens into a 
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lens with macro switch, a discretely adjustable lens as described above is added in front of 
the standard lens. The chamber may, for example, be formed out of PMMA (Poly(mefhyl 
methacrylate)), and one of the lens surfaces may be aspherical in order to compensate for 
aberrations otherwise occurring. In a macro switch application, one of the fluids in the fluid 
5 system preferably has the same index of refraction as the lens fece. Thereby the lens is 

switchable between a passive state, where the macro lens has no optical power, and an active 
state, where the macro lens is operative. In case the lens camber is formed out of PMMA, oil 
having an index of refraction that is equal to that of PMMA may be used together with saline 
water in the fluid system. In such case, when the chamber is filled with oil, the additional lens 
10 has no effect and the lens system acts as a conventional focusing lens. However, when the 

chamber is filled with water, the lens system becomes a macro lens. With the binary switch in 
the macro position the above focusing range is converted into a range of 50 mm to 34.5 mm. 
Hence, the closest distance that can be focused is now three times smaller than for the 
conventional lens. 

15 An example of a lens arrangement 600 comprising a continuously adjustable 

electrowetting lens 602 is illustrated in Fig. 6. The arrangement 600 thus comprises a first 
lens 601 (e.g. a wave front modifier), a continuously adjustable electrowetting lens 602, a 
second lens 603 and a discretely variable electrowetting lens 604 in accordance with the 
present invention. However, the discretely adjustable macro lens 604 does not have to be a 

20 separate element in the camera lens arrangement. It is altematively possible to give an outer 
surface of the macro element a lens shape. Thereby it is possible to omit one of the lenses 
originally present in the electrowetting lens arrangement (e.g. the second lens 603). Or, in 
otber words, one of the original lenses may be provided with a cavity that can be filled with 
liquids. In this way the system can remain compact. 

25 Fig. 6 fiarfhermore illustrates a control unit 605 for controlling the 

continuously adjustable electrowettmg lens 602 as well as the discretely adjustable 
electrowetting lens 604. 

Thus, the present invention provides a discretely adjustable lens 100, 300, 604 
is controllable by means of electrostatic or electrowetting forces. The lens provides two 

30 accurately reproducible and freely designable lens states that are defined by interfeces 

between one out of two fluids 120, 121 and at least one lens fece 105, 155. Changing place of 
the fluids by means of electrostatic or electrowetting forces provides for switching between 
the lens states. The lens may, for example, provide a macro lens option in a camera lens 
arrangement. 



PHNL040334EPP 

13 31.03.2004 

CLAIMS: 



1- A discretely adjustable focusing lens (100, 300, 604) comprising: 

a lens chamber (101, 501) dejButring a light path and having at least one lens 
face (105, 155) arranged along that light path; 

a storage chamber (104) that is fluidly connected with the lens chamber, such 
5 that the lens chamber and the storage chamber together form a closed system; 

a fluid system residing in said chambers and including a first fluid (120), 
having a first index of refraction, and a second fluid (121), having a second index of 
refiaction that is different from the first mdex of refraction, said fluids fiirthermore being 
immiscible and exhibiting different forces of attraction to electric fields; and 
10 - a fluid system switch comprising electrodes (108, 1 12, 130), operative to 

rearrange the fluid system between a first discrete state and second discrete state by means of 
electrostatic forces, wherein, in the first discrete state, the at least one lens fece (105, 155) is 
substantially covered by the first fluid (120), and, in the second discrete state, the at least one 
lens face (105, 155) is substantially covered by the second fluid (121). 

15 

2- A lens (100, 300, 604) according to claim 1, wherein the closed system 

comprises interior surfaces (107, 1 1 1) that have different wettabiUty in respect of the first and 
the second fluids (120, 121). 

20 3. A lens (1 00, 300. 604) according to any one of claim 1 and 2, wherein at least 

one lens fece (155) has an aspherical shape that provides for a combination of focusing 
power and aberration compensation. 

4- A lens (100, 300, 604) according to any one of claim 1-3, wherein the lens 

25 chamber (501) has two lens faces (502, 503) arranged along the light path. 



5- A lens (100, 300, 604) according to any one of claims 1--4, wherein at least 

one lens face (105, 155) is formed of a material that has the same index of refraction as one 
of the fluids. 
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6. A camera lens arrangement (600) comprising a discretely adjustable focusing 
lens (604) as defined in claim 1, wherein the discrete states of the discretely adjustable 
focusing lens correspond to a macro lens state and a micro lens state. 

5 

7. A camera lens arrangement (600) according to claim 6, further comprising at 
least one additional lens (602) that is continuously switchable by means of electrowetting 
forces. 

10 8. A camera lens arrangement (600) according to any one of claim 6 and 7, 

wherein the discretely adjustable focusing lens (604) forms an integral part with at least one 
additional lens (603) in the camera lens arrangement 

9, A camera module comprising a camera lens arrangement (600) according to 
15 claim 6, and a digital image sensor. 

10. A mobile phone having a camera fimctionalily and comprising a camem lens 
arrangement (600) according to claim 6. 
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ABSTRACT: 



The present invention provides a discretely adjustable lens (300) that is 
controllable by means of electrostatic or electcowetting forces. The lens provides two 
accurately reproducible and freely designable lens states that are defined by inter&ces 
between one out of two fluids (120, 121) and at least one lens fece (155). Changing place of 
the fluids by means of electrostatic or electrowetting forces provides for switching between 
the lens states. The lens may, for example, provide a macro lens option in a camera lens 
arrangement. 
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